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INTRODUCTION 
The anisotropy of fibrous composite materials makes it difficult to detennine their 
elastic constants nondestructively. The unidirectional lamina, which is the basic building 
block of composite laminates and structures, is treated as a quasi-homogeneous ortho-
tropic material. Detennination of material properties of the unidirectional lamina is 
especially important because this characterization allows prediction of the properties of 
any multidirectional laminate. In general, the unidirectional lamina is characterized by 
nine independent elastic constants. Many composite materials, however, have the addi-
tional property of transverse isotropy. In such cases the number of independent constants 
is reduced to five. The objective of this study is to propose a method for determining 
these constants ultrasonically by measuring phase velocities and critical angles. 
BACKGROUND 
Assuming small displacements, the relationship between the stress «(Jij) and strain 
(Ei) tensors for a generally anisotropic material is expressed in the fonn 
(1) 
where Cijkl is the stiffness tensor of the material. The 36 material constants of generally 
anisotropic materials are reduced to nine for orthotropic materials which are described by 
the following stress-strain relationship: 
(Jll Qll Q12 Q13 0 0 0 Ell 
(J22 Q12 Q22 Q23 0 0 0 Ez2 
(J33 Q13 Q23 Q33 0 0 0 E33 (2) = 0 0 o Q44 0 0 (J23 123 
(J31 0 0 0 o Q55 0 131 
(J12 0 0 0 0 o Q66 112 
where [Qijl is the stiffness matrix, subscripts 1, 2, 3 denote the principal material axes 
and 1ij are the engineering shear strains. Then, from eq. (1) and the corresponding equa-
tion of motion, the following detenninantal equation is obtained 
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rn - PC2 r I2 r I3 
det r I2 r 22 - PC2 r 23 = 0 
r I3 r 23 r33 - PC2 
in order to have a nontrivial solution of the homogeneous system of equations. The so-
called Christoffel stiffnesses rij are given by 
r ll = n~Qll + n~Q66 + n~Q55 
r22 = n~Q66 + n~Q22 + n~Q« 
(3) 
r33 = n~Q55 + n~Q44 + n~Q33 
r I2 = nIn2(Q12 + Q66) 
(4) 
r23 = n2n3(Q23 + Q«) 
r I3 = nIn3(QI3 + Q55) 
For a material with transverse isotropy, which is a reasonable assumption for 
graphite/epoxy, the following relations hold true: 
QI2 = QI3 
Q33 = Q22 
Q _ Q22 - Q23 
44 - 2 
Q66 = Q55 
(5) 
Then, the engineering constants can be expressed in terms of the five components of the 
stiffness matrix for a three-dimensional state of stress: 
where 
El = 2 Q 2 Q22 - Q23 
GI2 = Q66 
QI2 
E - Q 2- 2 QnQ22 - QI2 
G23 = Q44 (6) 
Ql1Q23 - Q~2 
V23 = 2 Ql1Q22 - QI2 
(7) 
For wave motion in the x3-direction, i.e., when n3 = 1, nl = n2 = 0, solving eq. (3) 
and substituting into equation of motion yields three distinct solutions. One of them is 
_ (Q33)l,'.! _ (Q22)l,'.! C33L - -p p 
where p is the density of the material. Hence Q22 can easily be determined by measur-
ing the longitudinal wavespeed normal to the plate. 
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Schematic diagrams of oblique incidence immersion testing for determination of 
composite stiffnesses. 
The other stiffness components can be obtained from oblique incidence measure-
ments utilizing conversion of the wave mode: Qu and Q66 are determined from critical 
angle measurements as illustrated in Fig. 1 (a). 
and 
pC~ Q66=Q55=~e 
SIn cr 
where Co is the wavespeed in water and ~ and err are the critical angles of the quasi-
longitudinal and quasi-transverse waves, respectively. 
(9) 
Since all other constants are already determined, the two remaining constants Q13 
and Q23 are obtained by solving eq. (3) for any arbitrary incident angle smaller than the 
critical angles on the principal planes as shown in Figs. I(a) and I(b). 
EXPERIMENTAL PROCEDURE 
The material investigated was AS4/3501-6 graphite/epoxy. It was obtained in 
prepreg form and fabricated into 20-ply unidirectional laminates. These samples were cut 
into coupons and characterized by determining elastic properties by both mechanical and 
ultrasonic testing. 
Figure 2 illustrates the top view of the experimental setup used for ultrasonic meas-
urements. The specimen was mounted on a motorized turntable to control the incident 
angle within 0.20. Immersed in water, the transmitting and receiving transducers were ini-
tially operated in pulse-echo mode to align them normal to the surface of the sample. 
Fig. 2 
I 
Schematic of experimental setup. S = Specimen, T = Transmitting transducer, 
R = Receiving transducer. 
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Then, the axes of the transducers were mechanically aligned in through-transmission 
mode. 
The receiving transducer was attached to a scanning bridge driven by a stepping 
motor of 127 Ilm (0.005 in.) step resolution. The transducer scanned the specimen on a 
plane perpendicular to the beam propagation direction. This was a useful feature in deter-
mining the wave propagation vectors and the phase velocities as described later. 
The transmitted pulse was captured by a digital oscilloscope operating at 200 MHz 
(5 ns sampling rate) and processed by a micro-computer. A pair of unfocused 
transducers of 5 MHz nominal frequencies and 6.35 mm (0.25 in.) diameter were used. 
ENERGY FLUX VECTOR AND PHASE VELOCITY MEASUREMENTS 
It is well known that the wave propagation direction does not generally coincide 
with the direction of energy flux for generally anisotropic media; hence critical angle 
measurements cannot be used to determine the material properties. However, if the plane 
of incidence is aligned on the principal planes of the orthotropic composite, the critical 
angles satisfy Snell's law of refraction. Therefore, eqs. (9) are usable in this case. 
By contrast, when the incident angle is smaller than the corresponding critical angle 
for the configuration shown in Fig. lea), it is expected and observed that the direction of 
propagation does not coincide with that of the energy flux vector. Therefore, a correc-
tion scheme must be applied to the measurement of phase velocity used in determining 
Q13. The angle of energy flux 9g can be determined from the geometry of a ray propagat-
ing into a medium. The receiving transducer scans on a plane normal to its axis as 
illustrated in Fig. 3. During scanning the transmitted energy (P) is recorded by integrat-
ing the magnitude of the waveform set) and plotting versus transducer location x. 
Assuming that the average acoustic pressure in the beam profile is uniform, the offset Xo 
of the received central ray from the central axis of the transmitted beam can be found 
from the first moment or the centroid of the P(x) distribution. 
Fig. 3 
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f Pxdx 
xo= fPdx (10) 
Propagation paths of the wavefront and energy flux in the specimen. 90 = Angle 
of incidence, 9p = Propagation angle of wavefront, 9g = Propagation angle of 
energy flux, (<p = 9g - 9p ) 
Once Xo is found, the propagation angle of energy flux 9g is computed from the 
relationship: 
Xo 
tan9g = h 9 + tan90 
cos 0 
(11) 
where h is the thickness of the specimen and 90 is the incident angle. If the dimension 
of the transducer is large enough to cover the multiply reflected beams, the waves 
reflected from different surfaces are recorded simultaneously in the waveform. The 
measured time interval At between two consecutive echos allows one to calculate the 
group velocity cg , that is 
1 At cos9g sin9g sin90 
-= +--=---
cg 2h Co 
and from the relationship between phase velocity cp and group velocity, we obtain 
cp = cg cos<p = cg cos(9g - 9p ) 
The propagation angle of the wavefront 9p is then obtained from Snell's law: 
cg sin90 cos9g 
tan9p = . 9 . 9 Co - Cg SIn 0 SIn g 
(12) 
(13) 
(14) 
The velocities were determined with a technique based on ultrasonic interference 
spectroscopy. The obtained waveforms are expressed in the frequency domain by means 
of a fast Fourier transform. If broadband transducers are used, the relatively slow peri-
odicity of echos compared to the frequency band of the transducer produces well-defined 
anti-resonance dips and peaks in the frequency spectrum as shown in Fig. 4. The period 
of these dips !:if is the inverse of time interval At. One of the advantages of this method 
is the fact that the dips appear even when the echos interfere with each other, so that this 
technique is useful even for a very thin laminate. The location of a dip is determined 
numerically by finding a local minimum whose value is smaller than the average of its 
Fig. 4 
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Local resonance order versus frequency plot for measurement of phase velocities. 
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neighborhood. The order of these dips is plotted against frequency and then the slope or 
the linear correlation plot gives the time interval desired. 
It should be noted that this procedure should be applied with special care if the 
propagation angle is below the critical angle of the quasi-longitudinal wave. In this case, 
all modes of wave propagation appear in the waveform resulting in a confusing spectrum. 
However, this problem can be resolved by examining the order-frequency plot. The dif-
ference of wave speeds between the quasi-longitudinal and quasi-transverse waves causes 
different slopes in the dip order-frequency plot, thus phase velocities of both wave modes 
can be determined. 
RESULTS AND CONCLUSIONS 
Figures 5(a) and 5(b) show the wave propagation angle versus the incident angles 
for Plexiglas and graphite/epoxy samples with the wave vector in the 1-3 plane. Solid 
and dashed lines respectively represent the expected wave propagation angles of lon-
gitudinal and transverse waves computed from Snell's law using properties measured 
mechanically by tensile tests. Open circle and square symbols in the figure are the wave 
propagation angles calculated from the measured angles of energy flux represented by 
solid symbols for quasi-longitudinal and quasi-transverse modes of propagation, respec-
tively. For the Plexiglas specimen the directions of both energy flux and wave 
propagation coincide because of its isotropic nature. On the other hand, for the 
graphite/epoxy, the measured angles of energy flux propagation deviate very much from 
the wavefront propagation angles because the material is highly anisotropic in the plane 
of wave propagation. However, the figure shows reasonably good agreement between 
the predicted and the measured angles of wave propagation. 
In-plane properties of the unidirectional graphite/epoxy laminate were measured by 
standard tensile tests and the out-of-plane shear properties were measured by torsion 
tests. Both sets of properties were also determined by the ultrasonic method and com-
pared in Table 1. It is noted from the results that all properties showed good agreement 
between the two different methods of measurement except for V12. Poisson's ratio, v12, 
was found to be the most sensitive property to measurement error. Even though any inci-
dent angle can be chosen to determine Q12, the measured values of v12 monotonically 
increased from 0.3 to 2.59 as the incident angle increased from 10° to 32° as shown in 
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TABLE 1. Measured elastic properties of unidirectional graphite/epoxy laminate. 
Material property Experimental measurements 
Longitudinal modulus, E1 
Transverse modulus, E2 
Shear modulus, G12 
Shear modulus, G23 
Poisson's ratio, v12 
Poisson's ratio, v23 
Mechanical 
145 GPa (21.00 Msi) 
10.6 GPa (1.54 Msi) 
7.6 OPa (1.10 Msi) 
3.9 GPa (0.56 Msi) 
0.27 
0.50 
Ultrasonic 
140 GPa (20.30 Msi) 
11.3 GPa (1.64 Msi) 
7.4 OPa (1.07 Msi) 
3.8 GPa (0.56 Msi) 
0.30 
0.49 
Fig. 6(a). This phenomenon can be explained by performing a sensitivity analysis. For 
all stiffnesses Qij, from the stiffness-wavespeed relations 
(15) 
the following sensitivity equations are obtained. 
(16) 
As shown in these relations, errors in wavespeed measurement are simply doubled. 
Therefore, all Qij can be determined with an accuracy comparable to wavespeed measure-
ment, which is satisfactory. The error in Q12 affects the value of v12 more than it does 
the values of Ev E2 and v23, because of the large value of Q11 as seen in eqs. (6). Q12 
is obtained from the equation: 
where 
ru = n~ Qu + n~ Q55 
r33 = n~ Q55 + n~ Q33 
n~= 1-n~ 
The most critical term in eq. (17) is 
2 
A = r33 - pc2 = n~ (Q55 - Q33 - .p~o )+ Qaa 
\. sm 80 
(17) 
(18) 
because r 33 and pc2 are of the same order of magnitude and (r 11 - pc2) is a large quan-
tity. The sensitivity is then obtained as 
(19) 
where Sf is the sensitivity factor. Figure 6(b) shows the sensitivity of this dominant term 
to angle of incidence for graphite/epoxy. One can note from the curve that the larger 
angle of incidence causes larger errors; for example, the accuracy of stiffness measure-
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Sensitivity analysis. (a) Poisson's ratio as determined for various angles of in-
cidence, (b) sensitivity of dominant term to angles of incidence. 
ment is 100 times higher than that of propagation angle measurement at an incident angle 
of 25 degrees. On the other hand, as the angle of incidence becomes smaller, the error 
in stiffness reduces; hence, it is highly recommended to pick the smallest possible angle 
close to the critical angle of longitudinal wave propagation for best results. 
It is concluded from this study that it is possible to determine properties of a 
transversely isotropic laminate nondestructively by ultrasonic methods. Properties 
measured by mechanical and ultrasonic methods, in general, are in good agreement 
Moreover, the ultrasonic technique showed the advantage that the out-of-plane properties 
are very easily and accurately determined from the same experimental setup. However, 
there are still some limitations at this moment. For example, the material must be 
unidirectional and transversely isotropic and Poisson's ratio v12 cannot be measured ac-
curately. These limitations may be eliminated by studying a rpethod for generally 
orthotropic materials and by performing a sensitivity analysis on the effect of measure-
ment errors. 
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